We report the design and experimental results of a widely tunable three-section laser by using reflecting Fabry-Perot filters with deeply etched lossy half-wave coupling trenches. Good performance in side-mode suppression ratio and wavelength tuning range has been demonstrated experimentally. By introducing moderate coupling loss in the halfwave coupling trenches, high-mode selectivity can be achieved. The single-mode selectivity can be further improved by introducing slight gain in the Fabry-Perot filters. Electrical tuning of 12 channels covering as large as 84-nm wavelength range with side-mode suppression ratio up to 48 dB has been demonstrated. The large wavelength tuning range is a result of large temperature induced gain spectrum shift, which is verified by amplified spontaneous emission measurements Index Terms: Semiconductor laser, lossy half-wave coupling trench, tunable laser.
Introduction
Widely tunable semiconductor lasers will play an important role in next generation intelligent optical networks. Many different types of monolithic tunable lasers have been developed, such as sampled grating distributed Bragg reflector (SGDBR) laser [1] , superstructure grating (SSG) DBR laser [2] , digital supermode (DS) DBR laser [3] , grating-assisted codirectional coupler (GACC) laser [4] , modulated grating Y-branch laser [5] , slotted Fabry-Perot (FP) laser [6] , grating coupled FP cavities [7] , and ring based tunable lasers [8] , [9] . More recently, simple and compact widely tunable halfwave coupled V-cavity laser has been developed, which does not require complex grating and epitaxial regrowth [10] - [12] . Based on similar concept, photonic integrated circuit that couples three FP lasers together via an integrated star coupler was also proposed [13] . In these structures, a tuning amplification mechanism such as the Vernier effect is used to achieve wide wavelength tuning range, commonly for full C or L band.
Two-section serially coupled-cavity lasers were investigated in the 1980's in the form of cleavedcoupled-cavity [14] or by etching a groove inside a FP laser [15] , but it is difficult to achieve high single-mode selectivity. Slotted FP laser with three or more sections have been proposed by introducing index perturbations with shallow etched features into the laser ridge waveguide [16] , [17] . The perturbations restrict the laser emission to a single longitudinal mode among the allowed FP cavity modes, thereby achieving single mode operation. Complex design algorithm such as perturbative inverse scattering approach [18] or breeder genetic algorithm [19] is frequently involved. These lasers have a single growth fabrication process and only use standard lithography, which significantly reduces the complexity and cost of fabrication. Coupled-cavity lasers with deeply etched trenches have also been proposed and investigated, such as the three-section FP laser with integrated optical waveguide filters [20] , or deeply etched slotted FP with optimization using genetic algorithm [21] . Good performances in lasing threshold, side-mode suppression ratio, and linewidth have been demonstrated. However, all these structures cannot achieve wide wavelength tuning.
In this paper, we present a new design of three-section single-mode widely-tunable laser employing two reflecting Fabry-Perot filters with deeply etched lossy half-wave coupling trenches. The structure is similar to the previous three-section FP laser based on deeply etched trenches [20] . However, the width of the trenches between the cavities is an integer multiple of a half-wavelength, and the mode selection mechanism is based on reflecting FP filters whose mode selectivity is optimized by coupling loss control. The device has a small size and a large trench width tolerance, and our experimental results also show that the devices have good performance in terms of high mode selectivity and wide wavelength tuning range. Fig. 1(a) shows the schematic diagram of the three-section laser using reflecting FP filters with lossy half-wave coupling trenches. The wafer consists of 0.2 μm Zn-doped In 0.53 Ga 0.47 As cap, 1.5 μm Zn-doped InP cladding, 0.01 μm Zn-doped InGaAsP etch-stop layer, 0.15 μm Zn-doped InP cladding, 0.12 μm InGaAlAs step-graded index separate confinement layers, five repeats of 5.5 nm InGaAlAs undoped 1% compressively strained quantum well and 10 nm InGaAlAs undoped 0.3% tensile strained barrier, 0.12 μm InGaAsP step-graded index separate confinement layers, and 1.5 μm Si-doped InP buffer on n-doped InP substrate. A standard ridge waveguide processing is used to fabricate the laser. The shallow etch waveguide is first fabricated. After a SiO 2 hard mask deposition and patterning, the deep etch is performed followed by passivation with a thin film deposition of SiO 2 . After the pad metal fabrication, backside wafer thinning and n-electrode deposition, the chips are cleaved and tested. Fig. 1(b) gives the corresponding optical microscope image of the laser. The laser consists of three cascaded FP cavities separated by two lossy air trenches of widths near integer multiple of a half-wavelength. The middle FP cavity is used to provide gain with a length of 200 μm, while two cavities on both sides are used as reflection filters for mode selection, with corresponding cavity lengths of 19 μm and 53 μm, respectively. The width of the waveguide is 3 μm. We use a relative large trench width of 2.3 μm near half-wave condition here to introduce moderate diffraction loss, which is a good compromise for easing the fabrication difficulty. The fabrication accuracy is about ±0.1 μm for i-line lithography while the minimum feature size is 0.5 μm. The trenches are etched through the waveguide, with a depth of over 4 μm. The left deeply etched facet is covered by gold film to lower the gain threshold, while the right filter uses a cleaved facet for the laser output.
Device Structure and Fabrication
The below threshold analysis and filter properties can be analyzed using the transfer matrix method. First we give a comparison between quarter-wave coupling trenches and half-wave coupling trenches. Quarter-wave coupling trenches are previously used to obtain high reflectivity [20] . Fig. 2(a) gives the reflection spectra of two lossless quarter-wave coupled filters with the cavity length of 19 μm and 53 μm, respectively. The shorter filter is used for selecting one of the resonant modes in the gain spectrum, while the longer one can improve the mode selectivity. It is shown that the reflection peaks are flat and the reflectivity contrast between the main mode and the side mode is low, which leads to low mode selectivity. In this paper, we propose to use half-wave coupling trenches, in which coupling loss is needed for mode selection. Fig. 2(b) shows the product of the reflection spectra of two half-wave coupled filters under different coupling loss, with the same cavity lengths as above. Lossless half-wave coupled trenches produce no mode selectivity at all with quasi-constant reflectivity function. However, by increasing the coupling loss, the reflection contrast between the main peak and the side peak increases. The reflection contrast reaches a maximum when the coupling loss is about 0.27 dB. After this turning point, the contrast decreases due to the rise of the side lobes. Compared to the quarter-wave coupled filters, lossy half-wave coupled filters shows much better mode selectivity.
However, for lossy half-wave coupled FP filters, the peak reflection of the filter is relative low, which increases the threshold gain coefficient. This can be improved by providing a slight gain in the FP filters. Fig. 3(a) gives the reflection spectra of two active FP filters under different gain coefficients, with the trench coupling loss fixed at 0.25 dB. Peak reflectivity increases dramatically with increasing gain coefficient in the filter waveguide, while the side lobes only grow a little. The reflection contrast increases nearly 10 times when the gain increases from 0 dB to 0.32 dB, which produces much higher mode selectivity. Fig. 3(b) gives the threshold gain difference and the minimum threshold gain against the gain coefficient of the filter. The threshold gain difference between the main mode and the side mode increases from 10.1 cm -1 to 16.3 cm -1 when the filter gain increase from 0 dB to 0.32 dB, with corresponding threshold gain of the main mode decreases from 30 cm -1 to nearly 0 cm -1 . Fig . 4 gives the threshold gain difference between the lowest threshold mode and the next lowest threshold mode as a function of the coupling loss under different filter gains. We see that for lossless coupling trench, the threshold gain difference is zero, thus there is no mode selectivity and all the lasing modes have the same gain threshold, just like a single FP laser. The threshold gain difference increases when the coupling loss increases. However, as the coupling loss further increases, the threshold gain difference decreases. There is an optimal coupling loss for each filter gain, which increases with increasing the filter gain. The maximum threshold gain difference increases from 10.1 cm -1 to 20.1 cm -1 when the filter gain increases from 0 dB to 0.32 dB, with the corresponding optimal coupling loss increasing from 0.245 dB to 0.41 dB. The trench gap is designed to be an integer multiple of half-wavelength, i.e., mλ/2. The air trench loss is optimized by selecting the integer number m and the gain in the filter can be changed by adjusting the injection current of the filter. Fig. 5 gives the calculated coupling loss versus the width of the air gap for a deep etched trench. Coupling loss reaches a peak near half-wave condition within each period, and the peak loss increases as the width of air gap increases due to the diffraction. Considering the additional scattering loss due to imperfect fabrication, we choose an air trench width of 2.3 μm near 3λ/2 in our experiment. 
Device Characterizations and Discussion
A standard ridge waveguide laser structure with InGaAlAs/InP multiple quantum wells (MQW) is used to fabricate the laser. The laser is mounted on an aluminum nitride (AlN) carrier with a thermalelectric cooler (TEC) for temperature control at 15°C. The middle FP cavity is biased at 63 mA to provide sufficient gain, with two active filters biased at 14 mA and 0 mA, respectively. The longer filter is not biased in our experiment because it can only tune the wavelength continuously with a limited tuning range, but cannot jump a free spectral range of the short filter, which is quite large (about 22 nm). Fig. 6(a) gives a typical lasing spectrum of the lossy half-wave coupled cavity laser. Single-mode operation is obtained with center wavelength of 1553 nm and SMSR as high as 48 dB. Fig. 6(b) shows the L-I curve of the laser, measured under pulse mode with 1% duty cycle to remove the temperature effect. The lasing threshold is 13 mA for center FP cavity when the TEC temperature is 15°C, and the slope efficiency is about 0.19 mW/mA.
If the gain section is injected with CW current, the gain spectrum shifts to longer wavelength with increasing current due to thermal effect, which is equivalent to increasing the TEC temperature. Fig. 7 shows the wavelength tuning map versus the TEC temperature and the center cavity injection current, with the two filters biased at 14 mA and 0 mA, respectively. Discrete mode hopping is observed at the boundaries of each different color section. Wavelength ranges from 1532 nm to 1616 nm covering 5 major sections when the middle injection current changes from 20 mA to 160 mA, and the TEC temperature is tuned from 0°C to 45°C, respectively. The tuning inter- val between adjacent sections is about 21 nm, corresponding to the free spectral range (FSR) of the total filtering spectrum, which is determined by the short filter because the cavity length of the long filter is nearly 3 times the length of the short filter. Since both the TEC temperature and the injection current of the center gain section shift the gain spectrum by thermal effect, we can make a correlation between the current tuning and the temperature tuning. When the TEC temperature and the injection current vary along the direction parallel to the dash-dotted line, the wavelength remains almost a constant. We can therefore derive from the slope of the line that changing 1 mA in the injection current in the 200-μm-long center gain section is equivalent to a local temperature change of about 0.5°C. Similarly, for the 19-μm-long short filter, we can derive that changing 1 mA in the injection current can cause a local temperature change of about 5°C. Fig. 8(a) shows the two dimensional wavelength tuning maps versus injection currents in the gain section and short filter section. The injection current of the center section and the short filter ranges from 20 mA to 160 mA, and 0 mA to 40 mA, respectively. Discrete mode hopping occurs at the boundaries of each color section in Fig. 8(a) , along both axes. If we tune the injection current of the short filter along the vertical axis with the current of center gain cavity fixed, mode hop spacing of about 7.6 nm between adjacent sections is observed, which corresponds to the FSR of the long filter. On the other hand, if we tune the injection current of the center FP cavity along the horizontal axis while keeping the injection current of short filter constant, the mode hop spacing between adjacent sections is about 21 nm, which corresponds to the FSR of the short filter. By tuning the injection currents of both cavities along the dashed route in Fig. 8(a) from "A" to "L", a digital wavelength tuning of 12 channels with channel spacing of 7.6 nm is achieved. Fig. 8(b) gives the corresponding two-dimension SMSR map. The SMSR in the center of each section exceeds 40 dB, mostly above 45 dB, which shows good mode selectivity. The SMSR drops only a little between vertical sections when tuning the current of the short filter, while obvious SMSR dropping is observed when tuning the current of center FP cavity along the horizontal axis. This is because the wavelength jump in the vertical direction, which is determined by the FSR of the long filter, is small so the mode competition is strong, resulting in little SMSR drop during the mode transition. On the other hand, the gain spectrum shifts when tuning the gain current along the horizontal direction. The two competing modes in the two horizontal adjacent sections are spaced by a free spectral range determined by the short filter, which is large, thus the SMSR drops due to weaker mode suppression. Fig. 9 gives the overlapped 12-channel laser spectra corresponding to the labelled channels in Fig. 8 . All of the channels show good SMSR ranging from 40 dB to 48 dB. However, one drawback of the half-wave coupled cavity laser is its poor power uniformity. Since the center FP cavity itself plays a part in mode selection, there is a compromise between SMSR and output power uniformity. Maximum output power difference of 8 dB is observed in the lasing spectra. Relative low output power in short wavelength is due to the low current injection, while the power decrease of 3.4 dB in the long wavelength end is resulted from the decreasing quantum efficiency due to thermal effect.
The channel switching along the vertical axis in Fig. 8 is due to the thermal induced refractive index change in the short filter waveguide. From Fig. 8 we can see that a current injection of 40 mA in the short filter gives a wavelength tuning range of about 23 nm covering three channels. The length and width of the waveguide is 19 μm and 3 μm, respectively. The injection current density is about 70 kA/cm 2 for 40 mA current. Since the current induced local temperature change is nearly 5°C /mA for the short filter, a current injection of 40 mA in the short filter corresponds to a temperature change of about 200°C. Such a high temperature does not damage the device because it is only limited to a very short filter section. Since the thermal induced wavelength shift for 1.55 μm quaternary material is about 0.11 nm/°C, the observed 23 nm wavelength tuning range can be explained.
The discrete wavelength tuning with gain section current along the horizontal axis in Fig. 8 is a result of thermal induced gain spectrum shift. Fig. 10 gives the ASE spectrum under different TEC temperature, and the corresponding fitted curve of peak gain wavelength and TEC temperature, respectively. The peak broadening and the modulation in the ASE spectra at high temperature can be attributed to strain induced variation of sub-band degeneracy between heavy hole and light hole in the valence band. ASE spectrum peak shifts from 1502 nm to 1602 nm when the TEC temperature increases from 0°C to 80°C. From the fitted curve in Fig. 10(b) we can deduce that the corresponding temperature induced gain peak wavelength shift is about 1.18 nm/°C. From what we have derived in Fig. 8 that changing 1 mA in the injection current in the 200-μm-long center gain section causes a local temperature change of about 0.5°C, we can estimate that the current induced gain peak wavelength shift is about 0.59 nm/mA. Therefore, an injection current change from 20 mA to 160 mA corresponds to a gain peak wavelength shift of 82.6 nm, which is consistent with the measured 84 nm tuning range. The decreasing ASE intensity with increasing the TEC temperature also explains the reason of the output power decrease at the high current end.
Conclusion
We have reported a widely tunable three-section laser by using reflecting Fabry-Perot filters with deeply etched lossy half-wave coupling trenches. Threshold gain difference between the dominant mode and the adjacent side mode was analyzed as a function of the coupling loss, which shows an optimal loss ranging from 0.25 dB to 0.41 dB can produce a threshold gain difference larger than 10 cm -1 under different gain conditions. By employing the thermal induced refractive index change in combination with thermal induced gain spectrum shift, wavelength tuning of 12 channels at 7.6 nm spacing covering ∼84 nm has been experimentally demonstrated, with the SMSRs range from 40 dB to 48 dB. Such a wide range discrete wavelength tunable laser has great potential for coarse wavelength division multiplexing systems.
